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SODWHDX/RDG UHPRYDO UHVXOWV LQD UHWUDQVIRUPDWLRQ IURP0 WR$DWD ORZHU VWUHVV OHYHO 0$DQGDQHDUO\
SHUIHFWO\ UHYHUVLEOH VWUDLQ RI DSSUR[LPDWHO\  FDQ EH REWDLQHG 7KH DUHD : )LJXUH D HQFORVHG LQ D
FRPSOHWHF\FOHKDVLWVRULJLQLQWKHVWUHVVGLIIHUHQFHEHWZHHQ $0DQG 0$K\VWHUHVLVDQGUHSUHVHQWVWKHWRWDO
PHFKDQLFDO HQHUJ\ GLVVLSDWHG LQ WKH IRUZDUG DQG UHYHUVH SVHXGRHODVWLF WUDQVIRUPDWLRQV 7KLV GLVVLSDWLYH
FDSDFLW\KDVDWWUDFWHGLQWHUHVWLQWKHILHOGRIVWUXFWXUDOHQJLQHHULQJZKHUHWKHLQWURGXFWLRQRISDVVLYHGDPSLQJ
V\VWHPVEDVHGRQWKHSVHXGRHODVWLFHIIHFWKDYHEHHQSURSRVHGIRUWKHGHVLJQRIVHLVPLFUHVLVWDQWVWUXFWXUHVIRU




1HDU VWRLFKLRPHWULF ELQDU\1L7L 60$DUH WKHPRVW VXFFHVVIXO VKDSHPHPRU\ DOOR\V WRGD\ DQG WKH\ DUH
XVHG LQDZLGHYDULHW\RIDSSOLFDWLRQV UDQJLQJ IURPPHGLFDO WHFKQRORJ\ 'XHULJ  WRHQJLQHHULQJ 9DQ





LWZRXOGEHYHU\FRQYHQLHQW WRGHYHORSDQDSSURSULDWHSUDFWLFDOPRGHORI WKHPDWHULDO EHKDYLRU WKDWFDQEH
LQFOXGHGLQWKHDQDO\VLVRIFRPSOH[VWUXFWXUHV:LWKWKLVJRDOLQPLQGLQWKHSUHVHQWZRUND'PRGHODLPHG
WRUHSUHVHQWWKHEHKDYLRURI1LULFK8)*1L7LZLUHVXSRQSVHXGRHODVWLFF\FOLQJXQGHUJHQHUDOFRQGLWLRQVZDV
GHYHORSHG7KH WKUHHPRUH VLJQLILFDQW IHDWXUHV DVVRFLDWHG WR WKHSVHXGRHODVWLFEHKDYLRU RI1L7LZLUHVZHUH
WDNHQ LQWRFRQVLGHUDWLRQ IRU LWV IRUPXODWLRQ LH WKH ORFDOL]HGFKDUDFWHURI WKH VWUHVV LQGXFHG WUDQVIRUPDWLRQ















GXH WR WKHDFFXPXODWLRQRI UHVLGXDOVWUDLQVERWKHIIHFWVFRQWULEXWLQJ WR WKHGHFUHDVHRI WKHDUHD :7KHVH
FKDQJHVGHFUHDVH QHDU DV\PSWRWLFDOO\ZLWK WKHQXPEHURI F\FOHVDQG WKH\ DUH DVVRFLDWHG WRPLFURVWUXFWXUDO
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YDULDWLRQVLQWURGXFHGLQWKHPDWHULDO'HOO9LOOHHWDOXSRQF\FOLQJ$IWHUKXQGUHGF\FOHVWKHPDWHULDO
H[KLELWDUHSURGXFLEOH EHKDYLRUDQGLWLVFRQVLGHUHGWKDWDVWDELOL]HGFRQGLWLRQKDVEHHQDWWDLQHG
,W LV LPSRUWDQW WR UHPDUN KHUH WKDW WKHSUHYLRXVREVHUYDWLRQ LV RQO\ YDOLG IRU FRQVWDQW GLVSODFHPHQW UDWH
FRQGLWLRQV 7KLV FDQ EH DSSUHFLDWHG LQ )LJXUH F ZKHUH WKH HIIHFW RI LQFUHDVLQJ GHIRUPDWLRQ UDWHV RQ WKH
PHFKDQLFDO UHVSRQVH LV LOOXVWUDWHG 7KH ILJXUH LQFOXGHV D FRPSOHWH SVHXGRHODVWLF ORRS UHSUHVHQWLQJ WKH
VWDELOL]HG FRQGLWLRQ DIWHU  F\FOHV FXUYH LQ EODFN DQG SDUWLDO F\FOHV SHUIRUPHG DW GLVSODFHPHQW UDWHV
LQFUHDVLQJIURP WRPPPLQ ,WFDQEHVHHQ WKDW WKHSDUWLDOF\FOHSHUIRUPHGDWPPPLQUHGIROORZV
XSSHU DQG ORZHU SODWHDX WUDMHFWRULHV WKDW PDWFK WKH OHYHOV REWDLQHG IRU WKH FRPSOHWH F\FOH +RZHYHU DV
GLVSODFHPHQWUDWHLVLQFUHDVHGWKHF\FOHVH[KLELWLQFUHDVLQJVKDSHGHYLDWLRQ
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)LJXUH6XSHUHODVWLFHIIHFWLQ60$VD7UDQVIRUPDWLRQVWUHVV $0UHWUDQVIRUPDWLRQVWUHVV 0$DQGK\VWHUHVLVHQHUJ\ :LQDFRPSOHWH
VXSHUHODVWLFF\FOHE&\FOHQXPEHUHIIHFWRYHU FXUYHVF'HIRUPDWLRQYHORFLW\HIIHFW
7KLVHIIHFWRIWKHVWUDLQUDWHLVLQWHUSUHWHGLQWHUPVRIWKHWHPSHUDWXUHFKDQJHVFDXVHGE\WKHODWHQWKHDWRI
WUDQVIRUPDWLRQ DVVRFLDWHG WR WKH VWUHVV LQGXFHG VROLG WR VROLG SKDVH FKDQJHV GXULQJ F\FOLQJ $ 0
H[RWKHUPLF0 $HQGRWKHUPLFDQGLQWHUPVRIWKHLQHODVWLFZRUN :GLVVLSDWHGDVKHDWWKDWFRQWULEXWHVWR




VWHS LQ WKH GHYHORSPHQW RI DPRGHO DLPHG WR GHVFULEH WKH SVHXGRHODVWLF EHKDYLRU XQGHU WKHPRUH UHDOLVWLF
FRQGLWLRQVOLNHWKRVHDVVRFLDWHGZLWKDSSOLFDWLRQVLQGDPSLQJGHYLFHVVKRXOGLQFOXGHWKHSUHVHQFHRIWKHVHOI
LQGXFHG WKHUPDO HIIHFWV ,W LV DOVR QHFHVVDU\ WR WDNH LQWR FRQVLGHUDWLRQ DQ LPSRUWDQW DVSHFW UHODWHGZLWK WKH
NLQHWLFV RI WKH VWUHVV LQGXFHG WUDQVIRUPDWLRQ ,Q HIIHFW D ZLGHO\ VWXGLHG DVSHFW RI WKH VXSHUHODVWLF
WUDQVIRUPDWLRQRI8)*1L7LXQGHUXQLD[LDOFRQGLWLRQVLVWKHORFDOL]HGFKDUDFWHURIERWKIRUZDUGDQGUHYHUVH
WUDQVIRUPDWLRQ6LPLODUO\ WR WKH/GHUVEDQG W\SHRI GHIRUPDWLRQ REVHUYHG LQ ORZFDUERQ VWHHOV LQWHUIDFHV
IURQWVQXFOHDWHDQGSURSDJDWHVZHHSLQJWKHVDPSOHJDJHOHQJWKDVWKHWUDQVIRUPDWLRQDGYDQFHV,DGLFRODHWDO
7KHWZRDERYHPHQWLRQHGDVSHFWVLQGLFDWHWKDWWKHFRUUHFWIRUPXODWLRQRIDWKHUPRPHFKDQLFDOPRGHO





DOORZVXV LQ WXUQ WRHYDOXDWH WKHFRUUHVSRQGLQJFULWLFDO VWUHVVHV IRU WUDQVIRUPDWLRQRU UHWUDQVIRUPDWLRQ $0
DQG 0$ UHVSHFWLYHO\ 7KHLU FRPSDULVRQ ZLWK WKH DSSOLHG VWUHVV ZLOO GLFWDWH LQ SULQFLSOH ZKHWKHU WKH
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WUDQVIRUPDWLRQIURQWDGYDQFHVRUQRW ,QWKHILUVWSXEOLVKHGYHUVLRQRIWKHPRGHO6RXOHWDOWKHUPDO
HIIHFWVZHUHVWXGLHGDVVXPLQJWKHSUHH[LVWHQFHRIWZRLQWHUIDFHVPRYLQJV\PPHWULFDOO\ZKRVHYHORFLW\ZDV
LPSRVHGDVD UHVXOWRIDQDSSOLHGVWUDLQ UDWH)XUWKHUGHYHORSPHQW LQFOXGHGDFULWHULRQIRU WKHQXFOHDWLRQRI
QHZWUDQVIRUPDWLRQGRPDLQV,QWKLVZD\WKHQXPEHURILQWHUIDFHVDQGWKHLUYHORFLWLHVFRXOGEHGHULYHGIURP
WKHVXFFHVVLYHWKHUPRPHFKDQLFDOVWDWHVZLWKRXWWKHQHHGRILPSRVLQJDQ\UHVWULFWLRQRQWKHLUSRVLWLRQV$WWKLV
VWDJH WKH PRGHO LV DSSOLFDEOH WR VLWXDWLRQV ZKHUH WKH PDWHULDO KDV EHHQ SUHYLRXVO\ WUDLQHG WR REWDLQ WKH
VWDELOL]HGFRQGLWLRQUHSUHVHQWHG LQ)LJXUHF+RZHYHU WKHSRVVLELOLW\RIXVLQJ WKHPDWHULDO IURPWKH LQLWLDO
VWDWHZRXOGUHSUHVHQWDVLJQLILFDQWDGYDQWDJHDQGWKHGHYHORSPHQWRIDPRGHOLQJWRROFDSDEOHRIGHVFULELQJ
WKH PHFKDQLFDO UHVSRQVH LQFOXGLQJ IXQFWLRQDO IDWLJXH ZRXOG EH KLJKO\ GHVLUDEOH DQG WKLV LV SUHFLVHO\ WKH
REMHFWLYHRIWKHSUHVHQWZRUN
7KHSURSRVHGPRGHOZDV LPSOHPHQWHGQXPHULFDOO\ LQ0$7/$% VLPXODWLRQV XQGHUGLIIHUHQW FRQGLWLRQV
ZHUHSHUIRUPHGDQG WKH UHVXOWV FRPSDUHGZLWK WKH FRUUHVSRQGLQJ H[SHULPHQWV7KH FRPELQHG HIIHFW RI WKH
QXPEHURIF\FOHV KHDW WUDQVIHU WR WKH DPELHQWDQGVWUDLQ UDWHZDV VWXGLHG ,QDGGLWLRQ WKHHIIHFWRISDUWLDO
F\FOLQJUHVXOWLQJLQLQKRPRJHQHRXVHYROXWLRQVRIWKHPLFURVWUXFWXUHRQWKH UHVSRQVHZDVDQDO\]HG
3. Model Description 
,Q WKLV VHFWLRQ VSHFLILF DVSHFWV DQG WKH QXPHULFDO LPSOHPHQWDWLRQ RI WKH PRGHO DUH GHVFULEHG $
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KHDW FRQGXFWLYLW\ N GHQVLW\  VSHFLILF KHDW&HDQG ODWHQW KHDW RI WUDQVIRUPDWLRQ/+HDW GLVVLSDWLRQ WR WKH
VXUURXQGLQJVDWWHPSHUDWXUH7DPELVPRGHOHGZLWKDILOPFRHIILFLHQWK6XELQGH[LLVXVHGIRUILQLWHYROXPHV
DQG XSSHU LQGH[P LGHQWLI\ WKH WLPH LQVWDQW FRQVLGHUHG ,W LV DVVXPHG WKDW ERXQGDULHV DUH NHSW DW FRQVWDQW
WHPSHUDWXUH7DPE:KHQIURPWKHPHFKDQLFDOVWHSD =LVFRPSXWHGWKHFKDQJHLQORFDOSKDVHSRUWLRQIFDQEH
GLIIHUHQW IURP ]HUR RQO\ LQ WKRVH YROXPHV ZKHUH WKHUH H[LVWV DQ LQWHUIDFH 2QFH 7[ LV FRPSXWHG WKH
WUDQVIRUPDWLRQVWUHVVHV $0DQG 0$DUHXSGDWHGDFFRUGLQJWR

H[S L0$UHILFFUHI0$0$ IWRW77  

H[S L$0UHILFFUHI$0$0 IWRW77  

$0UHI\ 0$UHIDUHUHIHUHQFHVWUHVVHVDQGFRUUHVSRQGWRWKH VWUHVVYDOXHVWKDWZRXOGEHPHDVXUHG LQYHU\
VORZ WHVWV LVRWKHUPDO FRQGLWLRQV LQ D SUHYLRXVO\ VWDELOL]HG PDWHULDO 7KH VHFRQG FRQWULEXWLRQ UHIOHFWV WKH
OLQHDUGHSHQGHQFHEHWZHHQ WHPSHUDWXUHVDQG WUDQVIRUPDWLRQVWUHVVHV FF 03D.7KH WHPSHUDWXUH7L
FRUUHVSRQGVWRWKHWHPSHUDWXUHDWWKHYROXPHHOHPHQWFRQWDLQLQJWKHPRYLQJLQWHUIDFH7KHWKLUGWHUPKDVWR
GRZLWK WKH HIIHFW RI WKH QXPEHU RI F\FOHV ,W LV HYDOXDWHG DV D GLIIHUHQFH EHWZHHQ WKH VWUHVV WKDWPXVW EH
RYHUFRPH E\ DQ LQWHUIDFH ZKHQ LW SDVVHV WKURXJK D SRVLWLRQ ZKLFK KDV QRW EHHQ UHDFKHG WKH VWDELOL]HG
FRQGLWLRQDQGWKHVWDELOL]HGLVRWKHUPDOWUDQVIRUPDWLRQYDOXHV $0UHIIRUIRUZDUGWUDQVIRUPDWLRQDQG 0$UHIIRU
UHYHUVHWUDQVIRUPDWLRQ  $0DQG 0$FRUUHVSRQGWRWKHLQLWLDOVWUHVVGLIIHUHQFHVIRUWUDQVIRUPDWLRQDQG
UHWUDQVIRUPDWLRQUHVSHFWLYHO\$FFRUGLQJWRWKHGHVFULSWLRQRI)LJXUHELWLVDVVXPHGWKDWWKHVHGLIIHUHQFHV
GHFUHDVH DV\PSWRWLFDOO\ 7KH QXPEHU RI F\FOHV VXVWDLQHG ORFDOO\ E\ HDFK YROXPH HOHPHQW LV FRPSXWHG E\
FRXQWLQJ WKH LQWHUIDFHSDVVDJHVZLWK WKHYDULDEOH IWRWL$QRWKHU DVSHFW WKDW LV FRQVLGHUHG LQ WKHPRGHO LV WKH
SHUPDQHQW VWUDLQ DFFXPXODWLRQZKLFK LV DOVR DVVXPHG WR HYROYH DV\PSWRWLFDOO\ZLWK IWRWL ,W LV HYDOXDWHGE\
DGGLQJWKHFRQWULEXWLRQRIWKHLQGLYLGXDOYROXPHHOHPHQWVE\

H[SPD[ LSSL IWRW  







WKHQXFOHDWLRQ VWUHVV LV ORZHU WKDQ WKH FDOFXODWHG $0 D0 GRPDLQ OLPLWHGE\ WZR LQWHUIDFHVZLOO QXFOHDWH
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4. Results and discussion 
7KHPRGHO LPSOHPHQWDWLRQZDVPDGH WKURXJKD0$7/$%URXWLQH6HULHVRIF\FOLQJZLWK1L7LZLUHVRI
GLDP  PP IRU ZKLFK H[SHULPHQWDO LQIRUPDWLRQ ZDV DYDLODEOH ZHUH VLPXODWHG 7KH VSHFLPHQ ZDV
GLVFUHWL]HGLQILQLWHVYROXPHVRUQRGHVDQGWKHIROORZLQJ1L7LSURSHUWLHVZHUHDVVXPHGN :P.
 .JP&H -NJÂ./ 0-P+HDWWUDQVIHUWRVXUURXQGLQJVFRUUHVSRQGLQJWRVWLOODLUZDV
PRGHOHGZLWK D ILOP FRHIILFLHQW K   :P.  )LUVWO\ D VWDELOL]DWLRQ F\FOLQJZDV VLPXODWHG IRU D ZLUH
PPOHQJWKZLWKVWUDLQDPSOLWXGHRIDQGDQH[WHQVLRQYHORFLW\RIPPPLQ7KHREWDLQHG FXUYHV
DUHVKRZHGLQ)LJXUHD,Q)LJXUHEWKHILUVWDQGODVWF\FOHVDUHFRPSDUHGZLWKWKHH[SHULPHQWDORQHVDQG
LQ )LJXUH F WKH DV\PSWRWLF HYROXWLRQ RI WKH K\VWHUHVLV HQHUJ\ QRUPDOL]HG ZLWK WKH VDPSOH YROXPH DV D
IXQFWLRQRI WKHF\FOHQXPEHU LVDOVRFRPSDUHG1H[W D VWDELOL]DWLRQF\FOLQJDWYHORFLW\RI PPPLQZDV
VLPXODWHG
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WKH QRUPDOL]HG K\VWHUHVLV HQHUJ\ DQG SHUPDQHQW VWUDLQ DUH DOVR FRPSDUHG ZLWK WKHLU H[SHULPHQWDO
FRXQWHUSDUWV 6WUHVV MXPSV LQ WKH ILUVWV F\FOHV DUH REVHUYHG LQ UHDO DQG VLPXODWHG FXUYHV 7KH\ UHIOHFW WKH
QXFOHDWLRQRIQHZLQWHUIDFHVWKDWKDYHWRSURSDJDWHDWDORZHUVWUHVV






VORZF\FOHVDW+]7KHILOPFRHIILFLHQWZDV IL[HG LQ :P. LQRUGHU WRPRGHO IRUFHGFRQYHFWLRQ
ZLWK DLU SURSHOOHG E\ D IDQ DW  PV )LJXUHV E DQG F LQFOXGH VLPXODWHG DQG H[SHULPHQWDO  FXUYHV
UHVSHFWLYHO\ 8QOLNH QXPHULFDO F\FOHV LQ WKH UHDO RQHV LW LV QRW GHYHORSHG D ZHOO GHILQHG WUDQVIRUPDWLRQ
SODWHDX DQG FXUYHV DUH GRPLQDWHG E\ URXQGHG WUDQVLWLRQV EHWZHHQ HODVWLF DQG WUDQVIRUPDWLRQDO VHJPHQWV
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  0.25 Hz
50 cycles
















 1st Cicle, 8th Stage




























RQO\ ZKHQ WKH PD[LPXP VWUDLQ LV RYHUFRPH $V D FRQVHTXHQFH WKH PDWHULDO VXIIHUV VXSHUHODVWLF IDWLJXH
GDPDJLQJ LQ WKRVHYROXPHV7KLV LV YHULILHG LQ)LJXUHFZKHUH WKH IWRWYDULDEOHSURILOHVZHUH LQFOXGHG IRU
VHYHUDO LQVWDQWV$IWHU ILYHKXQGUHGF\FOHVZKHQ WKHSURJUHVVLYHDPSOLWXGHV VWDJHV ILQLVK WKHSURILOH KDVD
V\PPHWULF DQG VWHSSHG DVSHFW 7KH FHQWUDO PP VHJPHQW GLG QRW UHJLVWHU DQ\ LQWHUIDFH SDVVDJH DQG WKH
PDWHULDO NHHSV LWV LQLWLDO VWDWH7KHQ LQ F\FOHVZLWK ORZHUPD[LPXPVWUDLQV LQWHUIDFHVPRYHPHQWGRHVQRW
SHQHWUDWHVWKHUHDQG IWRWRQO\HYROYHVLQWKHSUHYLRXVO\DIIHFWHGGRPDLQVEHLQJWKHIDWLJXHGDPDJH ORFDOL]HG




















 Complete Cycle at 1 mm/min
 Subsequent Fatigue a 0.25 Hz


































7KHGHYHORSHGPRGHO LVDEOHWRUHSURGXFH WKHVXSHUHODVWLFEHKDYLRU LQ LWVPDLQFKDUDFWHULVWLFVXQGHU WKH
GLIIHUHQW VLPXODWHG F\FOLQJ FRQGLWLRQV ,Q WXUQ LW DOORZV XV WR H[SODLQ WKDW WKH F\FOLQJ HIIHFWV REVHUYHG LQ
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